Background {#Sec1}
==========

Air pollution continues to receive a great deal of interest worldwide due to its negative impacts on economic losses and human health. Industrial complexes may be important anthropogenic sources of air pollution. Studies show links between living near the industrial complexes and occurrences of adverse health outcomes \[[@CR1], [@CR2]\]. How living near industrial complexes contributes to poor air quality and adverse health outcomes is an ongoing concern \[[@CR3]\].

Daegu Dyeing Industrial Complex (DDIC) was established in Daegu city in 1980. Daegu is the 3rd largest city with about 3.5 million people in South Korea. The area of DDIC is 859,929 square meters, and it includes about 117 factories and 8414 employees in total. Factories in DDIC specialize in textile dyeing and printing. The dyeing process is characterized by the high consumption of water, fuel and a variety of chemicals in a long process that generates an immense amount of waste. According to Pollutant Release and Transfer Registers of the Ministry of Environment (PRTR), a institution to collect and disseminate information on environmental releases and transfers of chemical substances from industries and other facilities found out that an average of 56.93 tons of pollutants was emitted into the ambient air per year from DDIC during the years 2005 \~ 2011. One of the main environmental problems is air pollutants emissions such as volatile organic compounds (VOCs).

Volatile organic compounds are an important group of air pollutants, which are often referred to as toxic or hazardous air pollutants (HAPs) \[[@CR4]\]. They play an important role in the formation of ozone and fine particulate matter by photochemical smog \[[@CR5]--[@CR7]\], and also contribute to most serious health-related impacts. They also cause acute symptoms such as irritations of the nose, throat, and eyes, cause headaches, nausea, dizziness, allergic skin reactions, and can also damage the internal organs such as the liver and kidneys. Moreover, some compounds of VOCs may not be immediate hazards but can lead to chronic health risks. Toluene and xylene could result in serious neurosis \[[@CR8]--[@CR11]\]. Chronic toluene exposure leads to devastating neurological disorders, of which dementia is the most serious \[[@CR12], [@CR13]\]. Long-term exposure to xylene may cause headaches, extreme tiredness, tremors, impaired concentration and short-term memory \[[@CR14]\]. Chronic exposure to chloroform by inhalation in human is associated with effects on the liver and central nervous system including hepatitis, jaundice, depression, and irritability \[[@CR15]\]. Based on above, the hypotheses of this study were established as residents near DDIC were exposed to high levels of VOCs, moreover, health would be affected. Therefore, this study aimed to evaluate the levels of VOCs in the ambient air near DDIC and to assess the exposure levels and possible risks for the residents near DDIC. Moreover, this study also tried to find more convincing pieces of evidence to prove that ambient VOCs were emitted from DDIC.

Methods {#Sec2}
=======

Study sites {#Sec3}
-----------

Daegu Dyeing Industrial Complex located in the Seogu district of Daegu was the exposed area. It is located in western Daegu with an area of 17.48 km^2^ (Fig. [1](#Fig1){ref-type="fig"}). Its population was 215,399 in 2013, and among them, 50.70% were males and 49.35% were females. The aged population, those more than 65 years old accounted for 12.90% of the total population. There were 369 pollutant emission sources in the exposed area, however, DDIC was the main area source. Suseonggu district was selected as the controlled area for contrast, which was 10 km away from the exposed area. It had a population of 460,714 in 2013. The proportion of male and female in the controlled area and exposed area was similar. The aged population in the controlled area (10.80%) was less than that of the exposed area. The controlled area was the political and cultural center of Daegu, with less factories than those in the exposed area. There were 14 pollutant emission sources in the controlled area.Fig. 1Locations of the exposed area and controlled area. Description: Locations of the exposed area and controlled area were shown. And the administrative unit in exposed area was also shown

Daegu has a continental climate with dry winters and hot summers. The area receives little precipitation except during the rainy season of summer. According to the Korea Meteorological Administration, the average precipitation varies from 224.0 mm to 235.9 mm between July and August (summer). On the contrary, the average precipitation varies from 33.8 mm to 30.5 mm between October and November (autumn). Over a year, the temperature of Daegu typically varies from − 5 °C to 32 °C with 9.0 °C of daily mean temperature. Southeast wind prevails in July and August, while it is the northwest in October and November.

Study design and participants {#Sec4}
-----------------------------

This is a cross-sectional study of ambient airborne chemicals originating from dyeing industry complex and their adverse health effects to populations nearby. The study focused primarily on eight principal air pollutants: toluene, dimethylformamide (DMF), chloroform, methylethylketone (MEK), benzene, ethylbenzene, *m,p*-xylene and *o*-xylene. Toluene, DMF, chloroform, and MEK were the main air pollutants emitted by DDIC according to pollutants emissions data from PRTR. However, these compounds were also known as markers of vehicle emissions \[[@CR16], [@CR17]\]. While benzene was not utilized in dyeing and finishing processes, it was also selected as a marker of vehicle emissions for evaluating the potential influence on gasoline vehicle emissions \[[@CR18]\]. Benzene content was 1% ∼ 3% in unit volume of gasoline in South Korea, according to the South Korean Petroleum Corporation.

A total of 1261 volunteers from 822 families in the exposed area and 449 volunteers from 212 families in the controlled area participated in this study. Volunteers were selected by stratified random sampling method according every 500 m from the residential settings to DDIC. Smokers were excluded considering smoking as a confounding factor. One male and one female were both chosen from each household where it was possible. The ratio of volunteers in the exposed area and the controlled area was about 3:1. A questionnaire administered by a trainer interviewer was filled out by each participant. Questions include information related to demographic characteristics, residential environments, personal habits such as satisfaction with ambient environments and histories of diseases. Other information regarding the influencing factors was also surveyed, such as the use of air fresheners, recent painting, and proximity to busy roads. The respondents' satisfaction with ambient environments was determined by choosing one from the following descriptions of their feelings: very satisfied, satisfied, ordinary, dissatisfied and extremely dissatisfied. Their health status was included by finding out if medical diagnoses were made about respiratory, anaphylactic and cardiovascular diseases in the last 6 months. The questionnaire survey was conducted simultaneously in the exposed and controlled area in July 2013. The volunteers were blinded to the purpose of this study. This study was approved by the Medical Center Institutional Review Board in Daegu Catholic University (CR-13-053-RES-001-R) on June 10th, 2013.

Measurement of VOCs immediately followed the questionnaire survey, where 310 volunteers from 127 families in the exposed area, and 150 volunteers from 59 families in the controlled area participated. These volunteers were also enrolled from the volunteers participated in questionnaire survey according to the same methods. Residential indoor, outdoor and personal VOCs concentrations were simultaneously measured from Monday to Friday by passive samplers (3 M, USA, OVM \#3500). The measurements were conducted two times: summer (July--August) and autumn (October--November) in 2013. Residential indoor and outdoor passive samplers were put at the heights of human respiration zone in indoor and outdoor microenvironments. Passive samplers were placed to avoid possible VOCs sources or ventilation vents such as doors and windows. Outdoor passive samplers were protected from rain and direct sunlight. All volunteers were asked to carry passive samplers at their breathing zones while awake and to place samplers near breathing zones while asleep. The measurements of VOCs concentrations were also conducted simultaneously in the exposed and controlled area. Field blanks and 15% duplicate measurements were conducted for quality control. The mean relative standard deviations for the measured compounds were all less than 15%.

After taking the measurements, the passive samplers were carefully packaged for airproofing. Then, the samplers were sent to the laboratory immediately and were stored in the refrigerator at 4 °C. After all the samples were collected, they were analyzed. Sorbent in the sampler was transferred to a vial, and 1.5 mL carbon disulphide (CS~2~) was added to the vial subsequently. The vial was placed to stand for 45--60 min with occasional stirring for desorption. The extract was then sealed in auto-sampler vials and analyzed by Gas Chromatograph-Mass Selective Detector (GC-MS, Clarus SQ 8 T, Perkin Elmer). The limit of detection (LOD) was calculated as three times the standard deviation of the seven field blanks. Half the LOD for each compound was used in the analyses for samples in which a certain compound was not detected.

Human risk estimation {#Sec5}
---------------------

Long-term health effects of exposure to target VOCs were estimated. Based on the Guidance on Risk Assessment for Air Contaminant Emissions \[[@CR19]\], hazard quotient (HQ) was used to characterize health risk for non-carcinogens. Inhalation health hazard quotient was defined by following the equation for long-term exposure:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{HQ}=\frac{C_{air}}{RfC} $$\end{document}$$

Where, C~air~: Concentration of pollutant in air, μg/m^3^, RfC: pollutant-specific reference concentration, μg/m^3^

Human health risk estimates for inhalation of carcinogens are based on the following calculation:$$\documentclass[12pt]{minimal}
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Where: C = ambient air concentration of a pollutant, μg/m^3^, URF = pollutant-specific inhalation risk factor, (μg/m^3^)^− 1^

The values of URF and RfC were obtained from the Integrated Risk Information System (IRIS) and the California Office of Environmental Health Hazard Assessment (OEHHA). Risk assessments were carried out for personal exposure concentrations using 50% and 95% percentiles in both the exposed area and the controlled area. The 50% percentile concentrations were used to represent the main group of individuals and the 95% percentile concentrations represented the highest exposure group in the volunteers. For non-carcinogens, a reference value of less than or equal to unity (HQ ≤ 1) was taken as the acceptable risk. For HQ values greater than unity (HQ \> 1), the higher the value, the greater is the likelihood of adverse non-carcinogenic health impacts. For carcinogens, incremental risks between 10^− 4^ and 10^− 7^ are generally perceived as being reasonable and adequate for the protection of human health. In reality, however, populations may be exposed to the same constituents from other sources which are unknown or unrelated to a specific study. Therefore, it is preferable that the estimated carcinogenic risk is well below the 10^− 6^ benchmark level to allow for a reasonable margin of protectiveness for populations at potential risk. Indeed, if a calculated cancer risk exceeds the 10^− 6^ benchmark, the need for corrective measures and risk management actions require serious consideration.

Statistical methods {#Sec6}
-------------------

The statistical analyses were performed using the SPSS for Windows Versions 22 (SPSS, Chicago, IL). The Kolmogorov-Smirnov test was used to evaluate the normality of the data. The satisfaction degrees with ambient environments and prevalence of diseases obtained through the questionnaires were tested using chi-square tests. The comparisons were tested using t-tests between the VOCs concentrations in the exposed area and the controlled area. The relationships of indoor, outdoor and personal VOCs were tested by Pearson correlation. The significance level was set to *p* \< 0.05 in all analyses.

Results {#Sec7}
=======

The compositions of respondents for the questionnaire survey were similar for both the exposed and the controlled areas. Female respondents were dominant both in the exposed (61.10%) and the controlled (54.60%) areas. Respondents aged 50 years to 59 years were the most numbered both in the exposed area (31.50%) and in the controlled area (38.10%), followed by the respondents aged 40 years to 49 years. Respondents aged 40 years to 49 years were about 19.70% in the exposed area and 17.40% in the controlled area, respectively. Respondents aged 60 years to 69 years in the exposed area (15.00%) were more than those in the controlled area (9.80%). On the contrary, the young respondents (aged from 20 years to 29 years) in the exposed area (8.40%) were less than those in the controlled area (15.80%).

The questionnaire survey reported extremely severe or severe foul odor by 53.37% of the respondents in the exposed area as shown in Table [1](#Tab1){ref-type="table"}. Thought perception about ambient air pollution was extremely severe or severe and was held by 57.96% of the respondents in the exposed area. On the contrary, serious or extremely serious odor was reported by only 4.64% of those in the controlled area. There were 51.76% of the respondents in the exposed area who did not satisfy their ambient environments. However, only 4.99% of the respondents were not satisfied with their ambient environments in the controlled area, while 53.32% of the respondents in the exposed area regarded that living at DDIC would affect their health. The subjects who lived in the exposed area reported environmental dissatisfaction more frequently than the subjects who lived in the controlled area.Table 1Perception level about ambient environments and prevalence of diseases diagnosed by the questionnaire surveyDegreeExposed groupControlled groupTrend*N*Percent*N*Percent*pSatisfaction with ambient environment*Foul odorExtremely serious34728.23%10.23%\< 0.01Serious30925.14%194.41%Normal47438.57%22351.74%Not serious846.83%15135.03%No problem151.22%378.58%Ambient air PollutionExtremely serious35629.06%71.59%\< 0.01Serious35428.90%409.11%Normal45737.31%24455.58%Not serious524.24%12227.79%No problem60.49%265.92%Satisfaction with ambient environmentExtremely dissatisfied30024.61%30.68%\< 0.01Dissatisfied33127.15%194.31%Normal48139.46%19644.44%Satisfied1058.61%19243.54%Very satisfied20.16%317.03%Health impacts of DDICNo20016.21%20245.70%\< 0.01Normal37630.47%13931.45%Slight28923.42%6614.93%Extremely serious36929.90%357.92%*History of diseases*Asthma463.65%71.56%0.03Anaphylactic rhinitis14111.18%357.80%0.04Allergic conjunctivitis624.92%122.67%0.05Cardiovascular diseases443.49%51.11%0.01Alveobronchiolitis564.44%10.22%\< 0.01Allergic dermatitis755.95%112.45%\< 0.01Thyroid diseases614.84%102.23%0.02Cancers302.40%40.90%0.05

The distribution of self-reported diseases among those in the exposed area and the controlled area was also shown in Table [1](#Tab1){ref-type="table"}. Anaphylactic rhinitis was significantly more prevalent in the exposed area compared to the controlled area (*p* \< 0.05). There were 5.95% of the respondents in the exposed area who reported allergic dermatitis, and 2.45% in the controlled area (*p* \< 0.01). The prevalence of alveobronchiolitis was 4.44% in the exposed area and was 0.22% in the controlled area (*p* \< 0.01). Diseases like asthma, cardiovascular diseases and thyroid diseases were more prevalent in the exposed area than in the controlled area (*p* \< 0.05).

The main air pollutants emitted from DDIC and their emissions data during the years 2005\~ 2011 were shown in Table [2](#Tab2){ref-type="table"}. The collective amounts of toluene, DMF, chloroform, and MEK accounted for 92.24% of the total air emissions in the seven-year period. Especially, the mean amount of toluene was 344,552 kg. The second major air pollutant was DMF, which was 81,441 kg. The average quality of chloroform and MEK emitted into the air was 65,241 kg and 33,913 kg, respectively. The other air pollution emissions were relatively small.Table 2The main atmospheric emissions inventory of DDIC from 2005 \~ 2011 (Unit: kg)PollutantCAS No.2005200620072008200920102011TotalToluene000108--88-3370,079364,082360,505350,988245,290408,481312,4382411,863DMF000068--12-268,41985,16781,19195,09088,68480,50271,033570,087Chloroform000067--66-361,55968,74170,85467,92980,15774,59332,851456,684MEK000078--93-322,18031,61930,82532,37436,36237,99346,041237,394Carbon tetrachloride000056--23-513,99449,01649,57913,85711,49410,3797622155,941Hydrogen peroxide007722--84-15636436317,43323,35916,40323,998251193,703Acetic acid000064--19-7708372525800501377899076692448,937Sodium hydroxide001310--73-21582232311181095576125207947Hydrogen chloride007647--01-01882542312162452272281589Ammonia007664--41-7821131551021251290706Hydrazine hydrate007803--57-800000246236482Nickel and compounds007440--02-00001050015Chrome and compounds007440--47-30003100013Sulfuric acid007664--93-908000008Total550,802612,938617,691590,036487,140646,876479,8843,985,369

The measured indoor and outdoor concentrations of selected VOCs were shown in Table [3](#Tab3){ref-type="table"}. Residential outdoor and indoor average concentrations of toluene, DMF, chloroform, benzene, ethylbenzene and *m,p*-xylene in the exposed area were significantly higher than in the controlled area in summer. The outdoor and indoor average concentrations of most selected VOCs in the exposed area were also significantly higher than in the controlled area in autumn, except for MEK and *m, p*-xylene. Specifically, the average outdoor concentration of toluene in the exposed area was 73.62 μg/m^3^ in summer and 161.37 μg/m^3^ in autumn, respectively.Table 3Indoor and outdoor VOCs concentrations in exposed and controlled area (Unit: μg/m^3^)SummerAutumnExposed area (*N* = 310)Controlled area (*N* = 150)Exposed area/Controlled area*p* valueExposed area (*N* = 310)Controlled area (*N* = 150)Exposed area/Controlled area*p* valueMean ± SDMean ± SDMean ± SDMean ± SDTolueneOut^a^73.62 ± 62.0711.38 ± 13.676.47\< 0.01161.37 ± 211.7374.67 ± 51.812.16\< 0.01In^b^125.22 ± 396.8616.81 ± 26.757.450.03167.04 ± 221.1072.51 ± 56.622.30\< 0.01DMFOut23.17 ± 28.604.79 ± 3.054.84\< 0.0121.26 ± 20.303.40 ± 1.206.25\< 0.01In21.30 ± 33.124.90 ± 3.124.35\< 0.0117.62 ± 15.413.59 ± 1.034.91\< 0.01ChloroformOut10.75 ± 4.135.77 ± 4.631.86\< 0.0111.72 ± 5.756.71 ± 1.661.75\< 0.01In10.38 ± 3.446.47 ± 4.851.60\< 0.0111.92 ± 5.786.70 ± 2.211.78\< 0.01MEKOut2.67 ± 6.67N.D.^c^N.D.N.D.13.84 ± 10.5415.42 ± 56.460.900.33In3.03 ± 7.15N.D.N.D.N.D.15.15 ± 13.8930.65 ± 138.310.490.33BenzeneOut8.84 ± 2.155.47 ± 3.451.62\< 0.013.54 ± 2.541.85 ± 0.411.91\< 0.01In9.00 ± 2.025.51 ± 3.431.63\< 0.013.71 ± 2.931.94 ± 0.521.91\< 0.01EthylbenzeneOut20.38 ± 22.665.89 ± 5.813.46\< 0.012.34 ± 1.421.27 ± 0.781.84\< 0.01In20.23 ± 16.636.22 ± 6.783.25\< 0.012.62 ± 14.791.57 ± 2.311.670.02*m,p*-XyleneOut10.70 ± 10.103.51 ± 2.573.05\< 0.0110.48 ± 3.5515.37 ± 7.950.68\< 0.01In12.11 ± 10.943.81 ± 2.613.18\< 0.0111.13 ± 4.1418.69 ± 17.250.600.16*o*-XyleneOut17.42 ± 7.929.23 ± 5.871.890.161.73 ± 0.48N.D.N.DN.DIn18.09 ± 8.039.94 ± 7.161.820.011.82 ± 0.51N.D.N.DN.DResidential outdoor and indoor average concentrations of toluene, DMF, chloroform, benzene, ethylbenzene and *m,p*-xylene in exposed area were significantly higher than in the controlled area in summer. The outdoor and indoor average concentrations of most selected VOCs in exposed area were also significantly higher than in the controlled area in autumn, only except for MEK and *m, p*-xylene^a^Outdoor; ^b^Indoor; ^c^No detection

The average outdoor concentration of toluene in the exposed area was 6.47 times higher than in the controlled area. Moreover, the indoor concentration of toluene in the exposed area was 7.45 times higher than in the controlled area. Both outdoor and indoor concentrations of DMF and ethylbenzene in the exposed area were more than 3 times higher than in the controlled area. The personal concentrations of VOCs were shown in Table [4](#Tab4){ref-type="table"}. The personal concentrations of toluene, DMF, chloroform, benzene and *m,p*-xylene in the exposed area were significantly higher than the corresponding personal concentrations in the controlled area in summer. The personal concentrations of toluene, DMF, chloroform, and benzene in the exposed area were also significantly higher than that in the controlled area in autumn. The relationships of personal concentrations in the exposed and the controlled area were in accordance with the concentrations of indoor and outdoor in the two areas.Table 4Personal VOCs concentrations in the exposed and the controlled areas (Unit: μg/m^3^)Exposed area\
(*N* = 310, Mean ± SD)Controlled area\
(*N* = 150, Mean ± SD)Exposed area / Controlled area*p*-value*Summer*Toluene125.59 ± 230.5027.47 ± 53.834.57\< 0.01DMF24.14 ± 41.545.63 ± 4.574.290.01Chloroform9.03 ± 4.616.05 ± 4.361.49\< 0.01MEK4.23 ± 12.34N.D.^a^N.D.N.D.Benzene10.22 ± 6.766.06 ± 4.251.69\< 0.01Ethylbenzene17.95 ± 27.0810.46 ± 22.171.720.11*m,p*-Xylene13.38 ± 14.836.55 ± 9.502.04\< 0.01*o*-Xylene19.12 ± 15.1211.03 ± 7.731.730.73*Autumn*Toluene171.59 ± 232.5789.21 ± 77.021.92\< 0.01DMF21.11 ± 21.263.62 ± 1.065.83\< 0.01Chloroform11.18 ± 5.637.31 ± 2.171.53\< 0.01MEK13.73 ± 12.1031.74 ± 98.050.430.20Benzene3.58 ± 2.982.04 ± 0.641.75\< 0.01Ethylbenzene2.42 ± 1.591.98 ± 2.441.220.09*m,p*-Xylene10.44 ± 3.6522.59 ± 17.720.46\< 0.01*o*-Xylene1.74 ± 0.416.80 ± 5.690.260.01^a^Not Detected

The relationships among indoor and outdoor concentrations of the eight selected VOCs in the exposed area were also analyzed in Table [5](#Tab5){ref-type="table"}. The indoor concentrations of all measured VOCs were positively correlated with outdoor concentrations in the exposed area (*p* \< 0.01). Mutual positive correlations were significant among toluene, DMF, chloroform, and MEK both in the residential indoor and outdoor. Benzene, ethylbenzene, *m,p*-xylene, and *o*-xylene also showed mutual positive correlation both in the residential outdoor and indoor. However, correlations were not significant between the two groups of VOCs.Table 5Spearman correlation between each indoor and outdoor concentration of target VOCs in exposed area (*N* = 310)Chloroform^b^Chloroform^a^MEK^b^MEK^a^Benzene^b^Benzene^a^Toluene^b^Toluene^a^Ethylbenzene^b^Ethylbenzene^a^*m,p*-Xylene^b^*m,p*-Xylene^a^*o*-Xylene^b^*o*-Xylene^a^DMF^b^Chloroform^a^0.42\*\*1MEK^b^0.26\*0.27\*1MEK^a^0.24\*0.34\*\*0.60\*\*1Benzene^b^0.45\*\*0.13−0.14−0.141Benzene^a^0.26\*\*0.27\*\*−0.170.030.78\*\*1Toluene^b^0.42\*\*0.24\*\*0.56\*\*0.43\*\*0.140.081Toluene^a^0.150.32\*\*0.41\*\*0.66\*\*−0.050.19\*0.67\*\*1Ethylbenzene^b^0.45\*\*0.10−0.01−0.020.39\*\*0.26\*\*0.36\*\*0.121Ethylbenzene^a^0.130.33\*\*0.150.210.080.29\*\*0.26\*\*0.46\*\*0.52\*\*1*m,p*-Xylene^b^0.29\*\*0.140.08−0.120.49\*\*0.43\*\*0.22\*\*0.010.58\*\*0.31\*\*1*m,p*-Xylene^a^0.080.160.210.22\*0.140.36\*\*0.180.44\*\*0.160.56\*\*0.39\*\*1*o*-Xylene^b^0.46\*\*0.18−0.08−0.050.76\*\*0.65\*\*0.150.020.66\*\*0.34\*\*0.71\*\*0.34\*\*1*o*-Xylene^a^0.28\*\*0.38\*\*0.060.100.52\*\*0.64\*\*0.160.30\*\*0.36\*\*0.72\*\*0.48\*\*0.63\*\*0.67\*\*1DMF^b^0.39\*\*0.31\*\*0.55\*\*0.40\*\*0.050.050.73\*\*0.48\*\*0.060.020.030.07−0.030.041DMF^a^0.100.32\*\*0.41\*\*0.36\*\*0.20\*−0.010.44\*\*0.56\*\*−0.25\*\*−0.02− 0.20\*0.10− 0.24\*\*−0.090.66\*\*The indoor concentrations of all measured VOCs were positively correlated with outdoor concentrations in the exposed area (*p* \< 0.01). Positive mutual correlations were significant among toluene, DMF, chloroform, and MEK both in residential indoor and outdoor^a^Indoor; ^b^Outdoor; \**p* \< 0.05; \*\**p* \< 0.01

The relationships of the personal VOCs concentrations in the exposed area were shown in Table [6](#Tab6){ref-type="table"}. Positive mutual correlations were also significant among personal exposure concentrations of toluene, DMF, chloroform, and MEK. Personal exposure concentrations of benzene, ethylbenzene, *m,p*-xylene, and *o*-xylene also showed mutual positive correlation Correlations were not significant between the two groups. Significant positive correlations in the group of toluene, DMF, chloroform and MEK and the group of benzene, ethylbenzene, *m,p*-xylene, and *o*-xylene were in accordance with outdoor and indoor concentrations.Table 6Spearman correlations between concentrations of personal VOCs exposure in exposed area (*N* = 310)ChloroformMEKBenzeneTolueneEthylbenzene*m,p*-Xylene*o*-XyleneMEK0.27\*\*1Benzene0.60\*\*0.171Toluene0.33\*\*0.75\*\*0.121Ethylbenzene0.39\*\*0.050.19\*0.17\*1*m,p*-Xylene0.44\*\*0.060.31\*\*0.18\*0.80\*\*1*o*-Xylene0.46\*\*0.030.25\*\*0.060.80\*\*0.89\*\*1DMF0.27\*\*0.27\*\*0.090.62\*\*0.140.22\*\*0.07\*: *p* \< 0.05; \*\*: *p* \< 0.01

Relationships between outdoor VOCs concentrations in exposed area and distances from measuring sites to DDIC were shown in Fig. [2](#Fig2){ref-type="fig"}. The outdoor concentrations of toluene, DMF, chloroform and MEK significantly decreased with the distances increased from DDIC. Conversely, the concentration of outdoor benzene was found to increase with distances increased from DDIC. The decreasing trends of outdoor concentrations of ethylbenzene, *m,p*-xylene, and *o*-xylene were also shown; however, it was not significant (*p* \> 0.10).Fig. 2Relationships between outdoor VOCs concentrations and distances from DDIC in exposed area (Concentration: μg/m^3^, Distance: metre). Description: The formula referred to the variation of outdoor VOC concentration with the distance from DDIC increased. Figure. [1](#Fig1){ref-type="fig"} showed the outdoor concentrations of toluene, DMF, chloroform, and MEK in the exposed area significantly decreased with the distances increased from measuring sites to the site of DDIC. Conversely, the concentration of outdoor benzene in the exposed area increased with the distances increased from measuring sites to the site of DDIC

The hazard quotients (HQ) of toluene, MEK, *m,p*-xylene and *o*-xylene did not exceed 1 both in the exposed area and the controlled area as shown in Table [7](#Tab7){ref-type="table"}. The hazard quotient of DMF exceeded 1 in the exposed area using concentration of 95% percentile. Concerning carcinogens, both cancer risks of chloroform and ethylbenzene were all greater than one in million (10^− 6^). Although cancer risks of chloroform were greater than one in ten thousand (10^− 4^) both in the exposed area and controlled area, cancer risk in the exposed area was much greater than in the controlled area.Table 7Health risk estimates for inhalation of VOCs in the exposed and the controlled areas (*N* = 310, Unit: μg/m^3^)Concentration (50% percentiles)HQ or Cancer riskConcentration (95% percentiles)HQ or Cancer risk*Non-carcinogens*Toluene^a^94.480.02721.490.14Toluene^b^48.050.01207.200.04MEK^a^9.450.18E-234.810.01MEK^b^9.630.19E-220.720.40E-2*m,p*-Xylene^a^10.320.1016.990.17*m,p*-Xylene^b^7.800.0821.580.22*o*-Xylene^a^1.820.022.330.02*o*-Xylene^b^5.230.0510.370.10DMF^a^13.340.4460.572.02DMF^b^6.310.2110.360.35*Carcinogens*Chloroform^a^11.332.61E-0422.585.19E-04Chloroform^b^6.471.49E-0412.182.80E-04Ethylbenzene^a^1.824.55E-065.321.33E-05Ethylbenzene^b^7.631.91E-0520.355.09E-05^a^Exposed area; ^b^Controlled area

Discussion {#Sec8}
==========

Air quality monitoring is the main source of information for assessing the exposure of the population to ambient air pollution. Positive mutual correlations were significant among toluene, DMF, chloroform, and MEK in indoor, outdoor and personal exposure measurements. Benzene, ethylbenzene, *m,p*-xylene, and *o*-xylene were also mutually positively correlated in indoor, outdoor and personal exposure measurements. The high correlations between each other can be explained that the toxic pollutants could have come from the same source \[[@CR20]\]. However, the correlation relationship was not found between the two groups. It can be implied that the two group VOCs might be emitted from different kinds of pollutant sources.

The data from PRTR of the Korean pollutant emissions showed that most of toluene, DMF, MEK, and chloroform were emitted from DDIC. Outdoor and indoor concentrations of toluene, DMF, and chloroform in the exposed area were significantly higher than the concentrations in the controlled area both in summer and winter. Toluene and chloroform were widely utilized in dyeing, finishing processes and warranting examination, and were markers of gasoline vehicle emissions \[[@CR10], [@CR17]\]. Benzene was not utilized in dyeing and finishing processes, it has been known as markers of gasoline vehicle emissions \[[@CR18]\]. The concentrations of toluene, DMF, chloroform, and MEK in residential outdoor significantly decreased with increasing distances from DDIC. Conversely, the concentration of outdoor benzene was found to increase with distances increased from DDIC. Therefore, it may be suggested that toluene, DMF, chloroform, and MEK in the ambient air of the exposed area were mainly emitted from DDIC.

Benzene, ethylbenzene, *m,p*-xylenes, and *o*-xylenes were the major VOCs for mobile sources in the urban air \[[@CR17]\]. The previous study also suggested that these compounds could have originated from the use of solvents and evaporative losses of fuel \[[@CR10]\]. Several studies suggested that good correlations among benzene, toluene, ethylbenzene, and xylene from traffic emissions were *r* = 0.79--0.92 (*p* \< 0.01) \[[@CR21]--[@CR23]\]. However, poor correlations of benzene, toluene, ethylbenzene, and xylene were observed (*r* = 0.14 \~ 0.76) in this study. This can be explained by the ethylbenzene and xylene that could have come from industrial solvents and traffic emissions, while benzene mainly came from traffic sources. The poor correlation could be also explained by the mixed sources of ethylbenzene and xylene in the exposed area.

The indoor, outdoor and personal exposure concentrations of toluene, DMF and chloroform in the exposed area were also significantly higher than the corresponding concentrations in the controlled area in summer and autumn. Positive mutual correlations were significant among toluene, DMF, chloroform, and MEK in indoor, outdoor and personal measuring. Benzene, ethylbenzene, *m,p*-xylene, and *o*-xylene were also mutually positively correlated in indoor, outdoor and personal measurements. The indoor and personal concentrations were all in accordance with the outdoor situations. Residential indoor sources, such as cooking, cigarette smoking, materials used on the wall flooring and furniture, could be major contributors to the indoor concentrations of VOCs. However, it can be suggested that the personal and indoor concentrations of selected VOCs were also obviously affected by outdoor pollutant sources in exposed area in DDIC. Personal exposure concentrations of VOCs were also affected by many factors including time-activity patterns. Even so, outdoor pollutant sources from DDIC affected the indoor air quality and personal exposure in the exposed area. Since VOCs easily evaporate or sublimate into the air at normal room temperature, they can migrate from a source and enter buildings nearby to a dangerous level \[[@CR24]\]. It also differentiates the pollution amount of indoors by distances from emission sources \[[@CR4]\].

Cancer risk for chloroform in the exposed area was greater than in the controlled area and even greater than 10^− 4^. HQ of toluene, DMF, and MEK in the exposed area were much higher than in the controlled area. Morbidities of respiratory diseases, anaphylactic diseases and cardiovascular diseases in the exposed area were significantly higher than in the controlled area. It also suggested that the health of residents living near DDIC could be affected by pollutants emitted from DDIC. The results suggested a need for environmental policies to reduce pollution and the DDIC residents exposure. The health assessment studies identified self-reported symptoms of asthma in both adults and children as a significant finding. It is appropriate for this health risk assessment to consider the mixture effects of the pollutants that are recognized respiratory irritants which are high enough in concentrations. The morbidities of asthma and other respiratory diseases in the exposed area were significantly higher than in the controlled area. The area nearby is a dense conglomerate of industry and human settlement. Special attention should be given to communities located in the areas close to DDIC.

Some VOCs concentrations such as toluene and MEK were higher in autumn than in summer. Concentrations in different seasons could be influenced by many factors, such as source variation, fuel consumptions, climatic conditions, and chemical reaction. Daegu has a continental climate with dry winters and hot summers. The area receives little precipitation except during the rainy season of summer. The data from Korea Meteorological Administration showed the average precipitation which varies from 224.0 mm to 235.9 mm between July and August (summer). On the contrary, the average precipitation varies from 33.8 mm to 30.5 mm between October and November (autumn). Average precipitation days (≥ 0.1 mm) varies from 14.4 days to 12.8 days between July and August, however, average precipitation days (≥ 0.1 mm) are approximately 5 days. The meteorological conditions make VOCs difficult to regional physical dispersion/ transportations and deposition. Another factor, that could have affected the concentration of VOCs in the summer, is dilution due to the increase in the mixing height \[[@CR25]\]. Although the high temperature during summer will help the evaporation of VOCs, as they decay quickly by chemical removal reaction rates. Over the course of a year, the temperature of Daegu typically varies from − 5 °C to 32 °C. The daily mean temperature was 9.0 °C, and the average low temperature was 4.2 °C which is in November. After the middle of November, the indoor heating could have also contributed to the high concentrations of VOCs in autumn owing to fuel consumptions.

According to the study of Jo et al. (2004), the geometric mean concentration of toluene, benzene, *m,p*-xylene and *o*-xylene was 255 μg/m^3^, 7.2 μg/m^3^, 7.7 μg/m^3^ and 4.3 μg/m^3^ in outdoor for areas which are 100 m from the boundary of the DDIC, respectively, which was conducted between 10 October and 21 December 2000. As to the outdoor for areas between 500 m and 800 m away, the geometric concentration of toluene, benzene, *m,p*-xylene and *o*-xylene was 55.5 μg/m^3^, 10.5 μg/m^3^, 11.2 μg/m^3^ and 7.2 μg/m^3^, respectively \[[@CR26]\]. In this study, the contemporaneous arithmetic mean value of toluene, benzene, *m,p*-xylene, and *o*-xylene was 161.37 μg/m^3^, 3.54 μg/m^3^, 10.48 μg/m^3^ and 1.73 μg/m^3^, respectively.

It was found out that VOCs can be emitted from many anthropogenic sources in urban and industrial areas, such as industrial processes and vehicle exhaust. Due to the obvious impacts on environments and human health, many studies suggested VOCs should be controlled for better regional air quality. However, there are few studies about specific industry VOC emission and impacts on the ambient environment \[[@CR21], [@CR27]\]. This study provided the detailed information about the ambient air concentrations of VOCs in nearby dyeing industry. Compared to similar studies, using a considerable large samples is the main strength of this study. Moreover, indoor, outdoor and personal exposure concentrations were measured both in the exposed area and the controlled area simultaneously, something that is rarely done in other studies.

The limitations of this study might be the possible confounding factors such as the distance from highly trafficked roads and indirect smoking. It was reported by 19.68% of volunteers in the exposed area and 10% in the controlled area that there were more than 6 lanes of roads within 500 m of their houses. And according to the study of Park et al. (2014), the concentrations of benzene, *m,p*-xylene, and *o*-xylene were influenced by exposure to second-hand smoke \[[@CR28]\]. The data from the questionnaire showed that the rate of volunteers living with smokers was 13.98% and 12.98% in exposed area and the controlled area, respectively. The smoking of public places are forbidden in South Korea. Most participants responded that those living together did not smoke in the house indoors.

Conclusions {#Sec9}
===========

Toluene, DMF, MEK, and chloroform in ambient air of exposed area were mainly emitted from DDIC. Health risks for toluene, DMF, MEK and chloroform in exposed area were significantly greater than in the controlled area. The prevalence of respiratory diseases, anaphylactic diseases and cardiovascular diseases in the exposed area were significantly higher than in the controlled area. This study showed that adverse cancer and non-cancer health effects may occur by VOCs emitted from DDIC, some risk managements are needed. Moreover, this study provides a preliminarily method for pollutants source characteristics.

DDIC

:   Daegu dyeing industrial complex

DMF

:   Dimethylformamide

HAPs

:   Hazardous air pollutants

HQ

:   Hazard quotients

IRIS

:   Integrated risk information system

LOD

:   Limit of detection (LOD)

MEK

:   Methyl ethyl ketone

MOE

:   Ministry of environment

PRTR

:   Pollutant release and transfer registers

R^2^

:   Coefficient of determination

VOCs

:   Volatile organic compounds
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